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The interconversion of actin between monomeric
and polymeric forms is a fundamental process in
cell biology that is incompletely understood, in part
because there is no high-resolution structure for fila-
mentous actin. Several models have been proposed
recently; identifying structural and dynamic differ-
ences between them is an essential step toward
understanding actin dynamics. We compare three
of these models, using coarse-grained analysis of
molecular dynamics simulations to analyze the
differences between them and evaluate their relative
stability. Based on this analysis, we identify key
motions that may be associated with polymerization,
including a potential energetic barrier in the process.
We also find that actin subunits are polymorphic;
during simulations they assume a range of configura-
tions remarkably similar to those seen in recent cry-
oEM images.
INTRODUCTION
The cytoskeletal network of actin filaments is a key determinant
of cell shape and dynamics (Pollard and Cooper, 2009). Cellular
signals modulate network stability and morphology, facilitating
functions, such as motility and intracellular transport. The
conversion of monomeric actin (G-actin) to filamentous actin
(F-actin) is an important part of the cellular machinery, but the
conformational changes associated with this transition are not
yet fully understood (Dominguez and Holmes, 2011). Under-
standing how G- and F-actin differ structurally is difficult,
because there are no atomic resolution data on the conformation
of F-actin and F-actin has been shown to assume a range of
structures (Galkin et al., 2010). Structural data from X-ray diffrac-
tion studies (Holmes et al., 1990; Oda et al., 2009) and cryoEM
images (Fujii et al., 2010; Galkin et al., 2010) have led to several
models for the F-actin structure, but the relative merits of these
models are not clear. The static structural data do not offer
a quantitative way to evaluate which differences in structure
are significant or which, if any, of the features observed are arti-
facts of either the averaged nature of the structural information or
the constraints imposed to maximize model resolution. Molec-
ular dynamics (MD) simulations can explore the relaxation of
these structures at physiological temperatures and incorporateStructure 20the dynamic nature of the filament. These simulations can
provide insight into regions of disorder, interactions important
to stability, and the relative stability of different models.
In this study, we focus on three filament models: Oda (2009),
Namba (Fujii et al., 2010), and G-like (Holmes et al., 1990). In
the G-like model, rigid subunits of G-actin are positioned to fit
filament data, whereas in both the Namba and Oda models,
fitting incorporates changes in the subunit. In both thesemodels,
the subunit is flattened relative to G-actin. Previous MD studies
using the G-like and Oda structures (Pfaendtner et al., 2010;
Saunders and Voth, 2011; Splettstoesser et al., 2011) have
shown that flattening facilitates increased intersubunit contacts
and have suggested how nucleotide hydrolysis might mediate
filament stability (Chu and Voth, 2005, 2006; Pfaendtner et al.,
2009; Zheng et al., 2007). To the best of our knowledge, no
comparison of the Namba filament to other models has been
done to date using MD simulation.
MD simulations, particularly of large systems, generate a lot of
dynamic data. CG analysis provides a reduced representation of
dynamics that enables straightforward comparisons between
filament systems. Chu and Voth (2005) analyzed how folding
of the D-loop (a change thought to be linked to nucleotide
state) affects filament properties by mapping all-atom data to
coarse-grained (CG) sites connected by harmonic potentials.
There are two reasons to revisit and extend the CG analysis
method that they applied. First, based on experimental evidence
that actin subunits can adopt multiple configurations (Galkin
et al., 2010; Oztug Durer et al., 2010), the assumption of
single-well harmonic interactions should be reconsidered. Addi-
tionally, this method has not been applied to two improved reso-
lution models (Oda and Namba) that have been developed since
the aforementioned work (Chu and Voth, 2005).
In this paper, we modify the method of CG analysis to achieve
the following four aims.
(1) To create a CG model that clearly differentiates between
models.
(2) To evaluate the stability of different F-actin models by
applying the CG mapping to MD simulations of different
filament systems.
(3) To identify dynamic differences between models, includ-
ing the most likely mechanism for subunit flattening.
(4) To relate the changes within a subunit to the orientation of
the subunit in the filament and its interactions with other
subunits.
We find that the Oda structure is the most stable during simu-
lation. The three models differ in the degree of subunit flattening, 641–653, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 641
Figure 1. The CG Model of the Actin Subunit
The top panel shows the mapping from the atomistic structure to the four main
sites (SD1, green, residues 5–33, 70–147, and 334–349; SD2, white, residues
34–39 and 52–69; SD3, pink, residues 148–179 and 273–333; SD4, tan, resi-
dues 180–235 and 252–262) and eight minor CG sites (D-loop, flap, H-loop,
C terminus, nucleotide, N-terminus, S-loop, and SD4 hinge; see Table S1 for
residue information and corresponding colors). In the lower panel, the intra-
subunit CG coordinates are shown, with the labels defined in Table S1. In the
lower right representation, the subunit is rotated such that CG sites 1 and 2
move forward out of the plane of the page relative to the lower left orientation
and the subunit is aligned along the 1-3 axis.
See also Table S1.
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Coarse-Grained Analysis of F-actin Modelsand in the position of subdomain (SD) 2. From the CG represen-
tation of these models, we determine that a key motion in the
G- to F-actin transition is the rotation of SD2. On the atomistic
level, this rotation changes a network of electrostatic interac-
tions between SD2 and SD4. We further note that the Oda and
Namba models differ in the hinge motion of SD2, a motion that
is correlated with the flattening of the subunit. The motions of
SD2 lead to a range of subunit structures during simulation,
which are remarkably similar to structures observed in cryoEM
images. Finally, we offer an interpretation of the differences
between models and how they might correspond with different
phases of the actin polymerization cycle.
RESULTS AND DISCUSSION
The Relative Positions of the Major CG Sites Differ
between F-actin Models
To facilitate structural comparisons between filament models,
we coarse-grained the actin molecule into four main sites, repre-
senting the stable cores of the actin subdomains, and eight
smaller sites, representing the nucleotide and flexible parts of642 Structure 20, 641–653, April 4, 2012 ª2012 Elsevier Ltd All rightsthe protein. The inclusion of the minor sites makes the interac-
tions between main CG sites less noisy by separating the fluctu-
ations of disordered regions from the motions of subdomain
cores. Figure 1 shows how the protein is divided into CG sites,
and details of the CG mapping are provided in Table S1 (avail-
able online).
The relative position of the four main CG sites within each
subunit can be represented in terms of six coordinates (three
distances, two angles, and a dihedral angle), shown in Figure 1,
values given in Table 1. The G-actin, Oda, and Namba initial
structures differ in three of these coordinates. In the F-actin
configurations (Oda and Namba), the 2-1-3-4 dihedral angle is
flattened and the 1-3-4 angle is smaller than in the G-actin struc-
ture. In addition, the 1-3 distance is about 2 A˚ larger in theNamba
model than in the other structures and the 2-1-3 angle is 2-3
smaller.
Of these differences, dihedral angle flattening is fairly well
accepted as the major conformational change upon filament
formation. Fujii et al. (2010) point out that in their structure (the
Namba model) SD2 is tilted toward SD4 by 10, a motion that
corresponds to, at least in part, the smaller value of the 2-1-3
CG angle reported here. The significant change in the 1-3 CG
distance has not been previously reported as a difference
between F-actin models. As discussed later, in our simulations
this distance decreases to that seen in the Oda models,
suggesting that thewideseparationobserved in theNambastruc-
ture is an unphysical artifact perhaps related to the blotting tech-
nique used to straighten the filaments before cryoEM imaging.
Minor Sites Provide Orientational Landmarks
and Incorporate the Anisotropic Character
of the Main Sites into the Model
The inclusion of minor sites in the CGmodel not only reduces the
noise in the interactions between major sites, it also provides
information about the orientation of the subdomains. Typically
CG sites are viewed as soft, isotropically-interacting spherical
objects. However, the actin subdomains have specific orienta-
tions and interaction surfaces that are important in distinguishing
between F-actin models and in driving polymerization. Though
both the Namba and Oda models describe the actin subunit as
being flattened, the twomodels differ in several details, including
the mechanism of flattening. In the Oda model, the dihedral
angle between subdomains changes by a single rotation; SD1
twists around the axis joining it to SD3. In the Namba model,
the conformational change involves the rotation of SD1 and inde-
pendentmotions of SD2. These differences betweenmodels can
be quantified using the relative positions of major and minor CG
sites (provided in Table 1). In both F-actin models, the alignment
of the large domain changes slightly (3-4-6 angle changes from
132.3 to 135.9). CG site 1 rotates around the axis, connecting
it to CG site 3 in both F-actin models but less so in the Namba
model. This is reflected in the 11-1-3-7 angle, which changes
from 30.6 (G-actin) to 17.0 (Oda) and 20.0 (Namba).
There are also two changes in the position of CG site 2 relative
to CG site 1 in the Namba filament. The increase in the 8-1-2
angle from 136.1 (G-actin) to 144.0 (Namba) indicates that
CG site 2 rotates away from the filament core, contributing to
the flattening of the dihedral (see Figure S1). In the Namba
model, CG site 2 is hinged toward CG site 4, whereas in thereserved
Table 1. CG Coordinates Describing the Relative Positions of the Four Subdomains Compared among the G-like, Oda, and Namba
Actin Structures and Filament Simulations, PDB ids 1J6Z, 2ZWH, and 3MFP, Respectively
G-actin Oda Namba
Coordinate Abbrevation Initial MD Peak Initial MD Peak Initial MD Peak Postheat Peak
Intrasubunit
1-2 B0-1 21.9 22.6 22.0 22.8 21.7 23.1 22.8
1-3 B0-2 24.8 25.4 25.3 25.7 27.7 25.8 25.8
3-4 B0-3 25.0 25.4 25.2 25.4 25.5 25.3 25.3
2-1-3 A0-1 99.4 102.5 101.1 102.4 97.6 98.7 98.3
1-3-4 A0-2 73.3 72.9 68.7 73.0 68.5 71.3 75.8
2-1-3-4 D0-1 26.3 19.2 6.9 14.0 6.4 6.8 8.9
Minor sites
2-5 B0-3 12.1 12.0 12.0 13.3 12.9 13.3 13.5
8-1-2 A0-3 136.1 132.6 135.7 137.4 144.0 136.6 140.5
3-4-6 A0-4 132.3 133.9 135.9 132.1 135.2 133.8 133.7
11-1-3-7 D0-2 30.6 26.4 17.0 20.1 20.1 18.6 18.9
Interstrand
20-31 B1-1 27.3 30.2 31.2 30.1 30.8 31.8 31.7
40-11 B1-2 33.2 33.6 33.6 32.7 33.6 32.5 32.9
40-31 B1-3 24.9 26.8 26.6 26.0 27.7 27.2 25.9
30-40-31 A1-1 100.6 103.0 104.3 104.2 102.63 105.2 104.9
40-31-41 A1-2 96.4 93.9 89.8 93.4 89.5 92.6 91.2
30-40-31-41 D1-1 201.75 209.1 195.3 203.6 195.6 200.5 200.6
Intrastrand
20-12 B2-1 37.8 35.3 36.7 37.1 37.9 37.5 36.2
20-32 B2-2 28.6 26.3 25.1 25.3 25.3 26.0 26.2
40-32 B2-3 32.3 33.4 32.1 32.9 31.8 32.6 32.7
10-20-32 A2-1 134.7 138.3 154.3 147.1 153.1 150.5 153.6
20-32-42 A2-2 161.7 151.2 161.1 165.1 158.2 161.0 160.3
10-20-32-42 D2-1 145.1 149.2 151.4 162.5 145.2 153.9 160.1
These interactions are shown in Figure 1 (intrasubunit interactions) and Figure S4 (intersubunit interactions). These represent higher resolution criteria
for structural similarity and stability than C-a rmsd.
See Table S2.
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Coarse-Grained Analysis of F-actin ModelsOda model it hinges outward; the 2-1-3 angle changes from
99.4 (G-actin) to 97.6 (Namba) and 101.1(Oda). The D-loop,
previously shown to regulate filament stability in response to
nucleotide state (Chu and Voth, 2005; Graceffa and Dominguez,
2003; Otterbein et al., 2001), is extended about 1 A˚ further from
SD2 in the Namba model.
Based on CG Site Stability during MD Simulation,
the Oda Model Appears to Best Represent F-actin
Applying the CG model captures differences between the static
model structures, but it does not provide criteria to determine
which differences are significant. It remains unclear whether the
initial conformations are stable, how easily they interconvert,
and which of them better represents the structure of F-actin
with nonidentical subunits at physiological temperatures. To
obtaindynamic informationabout thesestructures,weperformed
all-atom MD simulations of periodically repeated 13-monomer
segments of ADP-boundG-like,Oda, andNamba actin filaments.
Based on C-a rmsd values, these simulations are well equili-
brated early in the 50 ns of simulation (for more detail, seeStructure 20Table S2 and Supplemental Experimental Procedures). The CG
coordinates describe the relative stability at a higher level of reso-
lution than the rmsd and can indicate how the models differ in
dynamics. We chose to compare the most likely (or peak) values
of the CG coordinates, rather than their averages, because their
distributions could be multimodal. The data in Table 1 show that
the values of threemain CG coordinates change upon simulation.
The 1-3 distance in the Namba system is smaller and close to the
initial Oda and G-like values; the 1-3-4 angle in the Oda and
Namba filaments is larger and close to the G-like initial value;
and the 2-1-3-4 angle for the Oda model is more twisted and
differs from the Namba model value, which remains fairly flat.
The G-like filament dihedral angle flattens somewhat. Since we
havepreviously reported that this angle remains twisted inG-actin
monomer simulations (25, seeSaunders andVoth, 2011), this
can be interpreted as a fast response to the filament environment.
Most of the differences between the Namba and Oda models
are eliminated during MD simulation. The distance between CG
sites 1 and 3 in the initial Namba structure appears to be an
unphysical artifact and the D-loop extension (2-5 distance) in, 641–653, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 643
Figure 2. The Probability Density Function of the
2-1-3-4 Dihedral Angle over 10 ns Intervals
throughout the Course of the Simulation
The change in the probability density function of CG angle
2-1-3-4 over time shows that the subunit has two stable
flattened configurations in the Oda model and that flat-
tening is the major change in conformation in the filament
environment.
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Coarse-Grained Analysis of F-actin Modelsthe Oda simulation converges to that of the Namba model. The
most significant remaining difference is the dihedral twist.
CG Coordinate Distribution Functions Provide Detail
beyond the Most Likely Value
The flattening of the dihedral angle has been suggested as the
major conformational change between G- and F-actin, yet in
the Oda filament simulation, this angle is significantly more
twisted after simulation based on peak values (Table 1). The
probability distributions describe this angle’s conformation in
more detail (see Figure 2). In the last 30 ns of the Oda simulation,
there are two stable peaks in the distribution function at approx-
imately 14 and 9. In the Namba simulations, the dihedral
twist is stable but broadened at around 7. The G-like filament
simulations show a distinct flattening over time from 26 to
19. These distributions suggest that the filament environment
promotes flattening and there are several stable conformations.
Unlike the dihedral angle, which is multimodal but stable, the
1-3 distance seen in the initial Namba structure is unstable
during simulation. Figure 3 shows that this distance seems to
be converging to a stable unimodal distribution and that the initial
configuration is not stable.
Simulated Annealing of the Namba Filament Results
in a Smaller 1-3 Distance and Multiple Conformations
for SD2
To accelerate convergence of the Namba filament simulation to
an equilibrated minimum free-energy configuration, we heated
the simulation to 330 K, ran the simulation for 20 ns, cooled
the simulation back to 310 K, and continued the simulation for
20 ns. As can be seen Figure S3, after heating and cooling,
SD1, SD3, and SD4 were still stably folded, whereas SD2
showed some disordering. This is consistent with experimental
results that have suggested that SD2 can assume multiple
conformations (Galkin et al., 2010). The CG representation
reveals additional changes. The 1-3 distance is smaller (and
remains stable), the 1-3-4 angle is larger, and the 2-1-3-4 dihe-
dral is flatter (see Table 1 and Figures 2 and 3). Despite the
appearance of a small secondary peak in the 2-1-3-4 dihedral644 Structure 20, 641–653, April 4, 2012 ª2012 Elsevier Ltd All rights reservedangle after annealing, a twist of 9 appears
to be more stable in the Namba system than in
the Oda system.
Flattening of the Dihedral Angle Occurs
by TwoSeparateMotions: TheRotation of
SD1 and the Rotation of SD2 toward SD4
As mentioned previously, though both the
Namba and the Oda model can be character-ized as having a flattened subunit, this flattening occurs by
different mechanisms in the two models. Subunit flattening can
be separated into three different motions involving the minor
sites: the rotation of SD1 (11-1-3-7 dihedral), the rotation of
SD2 (8-1-2 angle), and the hinging of SD2 toward SD4 (2-1-3
angle). Based on the data in Table 1, the movement of SD2
toward SD4 appears to distinguish between the Namba and
Oda models, whereas the other two motions distinguish
between the G-like and F-actin models.
Two-dimensional free-energy plots show how these motions
relate to subunit flattening in each of the models. Figure 4 shows
that the twist of SD1 is consistently correlated with subunit flat-
tening although the models occupy different regions of phase
space. In the G-like filament, these two degrees of freedom are
tightly coupled, and there is a minimum energy well, where these
dihedrals are flatter than in the initial G-like structure. The axis
between CG sites 1 and 3 appears to be rotationally mobile,
and partial flattening of this coordinate may correspond to an
early conformational change during polymerization. In the Oda
plot, the two 2-1-3-4 values correlate with different rotations of
SD1 relative to SD3. The Namba plot lacks the less twisted
minimum, and subunit flattening is less tightly coupled to the
rotation of SD1.
Figure 5 shows the correlation between the 2-1-3 angle and
the 2-1-3-4 dihedral angle. Though in theory these coordinates
should be independent degrees of freedom, the fact that these
measures are representation of a complex and interconnected
protein structure means that no motion is purely uncoupled
from the other CG motions. In the G-like filament model simula-
tion, this angle is weakly positively correlated with flattening of
the subunit. In the Namba model, the correlation is negative;
the more closed the 2-1-3 angle is, the flatter the dihedral angle.
In the Oda model, the 2-1-3 angle is predominantly open regard-
less of the dihedral twist.
An Electrostatic Network between SD2 and SD4 May
Stabilize Different Dihedral Twists and Couple SD2
Hinging to Subunit Flattening
The coupling between the twist and the 2-1-3 angle can be ex-
plained by examining interactions between SD4 and SD2,
Figure 3. The Probability Density Function of the
1-3 Distance over 10 ns Intervals throughout the
Course of the Simulation
The change in the probability density function of CG
distance 1-3 over time shows that this distance is unstable
in the initial Namba configuration and converges to
a distance similar to that seen in the G-like and Oda fila-
ments after the Namba filament is annealed.
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Coarse-Grained Analysis of F-actin Modelsshown in Figure 6 for representative subunits from each simula-
tion. In the G-like filament, the subunit flattens, facilitating
contacts between Arg62 and Thr202 and Thr203 and may
decrease the radius of the filament. In this model, Arg39 inter-
acts primarily with Glu270 on the hydrophobic loop of the
subunit i+1; flattening may facilitate interaction with the barbed
end of subunit i+2 (intersubunit interactions are not shown). At
about 15 there appears to be a barrier to further flattening
separating the G-like and Oda subunits (see Figures 4 and 5).
In the CG representation, these two simulations differ primarily
in the 8-1-2 angle; overcoming this barrier may correspond to
a rotation of SD2. This rotation orients Arg 39 toward SD4
(seen the Oda subunit in Figure 6) and enables Arg62 to interact
with Glu205 and 207 at the tip of SD4. As the subunit flattens
from 14 to 9 degrees, these contacts become closer and
Arg39 interacts with Thr202 and Thr203. The rotation also
affects intersubunit interactions; Arg 39 still interacts with the
hydrophobic loop of i+1 but also forms contacts with Asp286
on subunit i+2.
Based on CG analysis, a key difference between the Namba
and Oda states appears to be the 2-1-3 angle and the coupling
of the motion of SD2 to the dihedral twist. At the atomistic level,
Arg39 changes salt-bridge partners, interacting with Asp211
instead of Glu 205, 207. This is probably the cause of the
decrease in the 2-1-3 angle in the Namba filament; Asp 211 is
not only further along the helix, it also has a shorter sidechain.
The wedge shape of SD4 may account for the coupling between
flattening and the 2-1-3 angle in the Namba filament.
This electrostatic network may explain why polymerization of
actin is dependent on a cation concentration (Selden et al.,
1983). Binding of Mg2+ to a low-affinity site between subdomains
2 and 4 on the pointed surface of actin may facilitate cleft
opening by partially neutralizing the negatively charged residues
at the tip of SD4. The increase in the 2-1-3 angle observed in the
Oda filament can be related to cleft opening, a motion that has
previously been tied to different orientations of the subunit in
the filament (Galkin et al., 2010) and different nucleotide states
(Belmont et al., 1999). It is likely that this conformational vari-
ability has not been seen in previous simulations because ofStructure 20, 641–653, April 4improper solvation of the nucleotide cleft (for
a discussion of this issue, see Saunders and
Voth, 2011).
Time-Dependent Changes in CG Entropy
Echo the Behavior Observed in the
Distribution Plots
To further explore CG dynamics, we calculated
the configurational entropy as detailed in the
Experimental Procedures. The change in thesevalues over time is plotted in Figure S5, and the values for the
last 10 ns are given in Table 2. The entropy plots show the
same trends that we noted in Figures 2 and 3. The 1-3 entropy
in the Namba configuration starts out quite high at 6.5 cal
mol1 K1 and decreases steadily over the five different windows
(Figure S5); this is consistent with a gradual shift to a more stable
configuration. The 2-1-3-4 entropy in the Oda configuration
increases over the first three windows and then levels out at
about 10 cal mol1 K1, consistent with the broadening of the
distribution to two stable peaks. In contrast, the 2-1-3-4 entropy
in theNamba simulation is relatively stable; we interpret this to be
an indication that the dihedral angle in the Namba filament will
remain mostly unimodal, even if simulations were continued.
In general, the G-actin filament showed more changes in
entropy over time than the F-actin models, consistent with the
actin subunits adapting to the filament environment. In all simu-
lations, the 3-4 interaction is the least entropic; this is reasonable
since the 3-4 interface binds the nucleotide base and the large
domain is generally accepted to be conformationally stable. In
the G-actin simulation the 1-2 entropy increased and in the
Namba simulation both the 1-2 and 1-3 entropy values
increased. These changes are consistent with the subunit
searching conformational space to optimize the interactions
both within the subunit (in the case of the 1-3 distance) and
between subunits (in the case of the 1-2 distance). This can be
contrasted with the relatively stable entropy values in the Oda
simulation. The three- and four-body interactions within the
same subunit are more disordered in all cases than the two-
body interactions.
TheCGEntropic Ratio Provides aMeasure of Simulation
Convergence and Configurational Stability
There are two types of variation in the CG coordinates: fluctua-
tions within a specific subunit (time convergence) and differ-
ences between different subunits (ensemble convergence).
Ideally, if a simulation were continued to the ergodic limit, these
two measures of CG coordinate stability should converge. In
practice, however, the timescales accessible to MD simulation
are finite. If the energy landscape is rough, the trajectories of, 2012 ª2012 Elsevier Ltd All rights reserved 645
Figure 4. Rotation of SD1Accounts for Differences
in Subunit Flattening between G-actin and F-actin
Models
See Figure S1 for CG representation of this rotation.
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Coarse-Grained Analysis of F-actin Modelsdifferent subunits may diverge to explore significantly different
regions of configurational space. Comparing these two types
of variation provides ameasure not only of the quality of the initial
structure, as suggested previously (Splettstoesser et al., 2011)
but also of the CG coordinate’s energy landscape.
The entropic ratio, a measure of what kind of variation is
sampled, is defined as the ratio of the average entropy of indi-
vidual subunits to the entropy calculated over all subunits in
the filament. A value close to 1 indicates a convergence of the
time and ensemble regimes, so an entropic ratio close to 1 and646 Structure 20, 641–653, April 4, 2012 ª2012 Elsevier Ltd All rights reservedlarge overall entropy would indicate a well
converged but intrinsically disordered interac-
tion while a smaller entropic ratio would indi-
cates poor convergence between subunits. In
the second case, enhanced sampling may be
necessary to distinguish between a variety of
stable conformations that interconvert slowly
and a lack of convergence of the MD simulation
to a unique minimum. Entropic ratios for each
CG coordinate, based on the last 10 ns of simu-
lation are given in Table 2.
Three of the intrasubunit CG coordinates
show poor ensemble convergence in at least
one of the simulations, as indicated by a low
entropic ratio. In the G-like simulation, the 1-2
distance has an entropic ratio of 0.69. Based
on previous experimental data that suggests
that SD2 is fairly heterogenous in structure (Gal-
kin et al., 2010; Oztug Durer et al., 2010), it
seems reasonable that the 1-2 distance is
changing as theG-like subunits adapt to the fila-
ment environment to facilitate contacts with
adjacent subunits. By contrast, once the
subunit is in a conformation well suited to the
filament, as in the Oda model, the 1-2 distance
appears to be consistently sampled, with an
entropic ratio of 0.84. The overall entropy of
the 1-2 interaction is higher than the other two
intrasubunit pair interactions while its entropic
ratio is lower, suggesting that this interaction is
fundamentally more disordered than the others,
with a smooth broad energy basin.
In the Namba filament, the 1-3 distance and
1-3-4 angle show low entropic ratios. This is
consistent with the unstable 1-3 initial distance;
different subunits appear to be relaxing to
different regions of configurational space that
are separated by relatively high energy barriers.
By contrast, the entropic ratio for both these
coordinates is high in the G-like and Oda simu-
lations, indicating that they are converged to
a local minimum.After heating the Namba simulation, the 1-3 entropy is
decreased and the entropic ratio is significantly increased. This
indicates convergence to a single stable conformation, where
CG sites 1 and 3 are close to one another. The 1-2 entropy
increases after heating and both the 1-2 and 2-5 entropic ratios
decrease. These interactions are not converged on the timescale
accessible to the simulation; this is expected based on the
variety of SD2 configurations in Figure S3 and is consistent
with studies showing that this domain assumes several different
conformations (Galkin et al., 2010; further discussed below).
Figure 5. Rotation of SD2 toward SD4 May
Account for Differences in Subunit Flattening
between the Oda and Namba Models
See Figure S1 for CG representation of this rotation.
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stable subunit structure, with the highest average entropic ratio
and the lowest total intrasubunit entropy. Based on
their entropic ratios, the minor site CG coordinates are well
converged, with the exception of the 2-5 distance in the Oda
and Namba models. This distance is expected to show hetero-
geneity as it forms a variety of contacts with adjacent subunits.
Finally, whereas the angle and dihedral terms show significantly
higher CG entropy values than the pairwise distances, their
entropic ratios are in the same range. These interactions areStructure 20, 641–653, April 4thus more conformationally mobile than the
distances. Rotational and angular flexibility
may be important for actin polymerization; as
noted above, both the 2-1-3 and 2-1-3-4 coor-
dinates show relatively fast adaptation to the
filament environment in the G-like simulation.
The Position of CG Site 2 Affects the Tilt
of the Subunit in the Filament
To compare the subunits’ relative positions, we
calculated distances, angles, and dihedrals
between CG sites of different subunits both
along and across strands (see Table 1 and Fig-
ure S4). The relative position of the each subunit
involved is indicatedby thesubscript; numbering
starts at the barbed end (see Figure S4).
The intersubunit distances change during
equilibration and vary based on which model
is used. The closest of these interactions are
between the pointed end of subunit 0 (sites 20,
40) and sites 31 (interstrand) and 32 (intrastrand),
respectively. These distances are smallest in the
Oda model suggesting that this model simulta-
neously accommodates inter- and intrastrand
interactions. In the Namba model intrastrand
interactions are favored; site 40 is the same
distance from site 32 as in the Oda model but
does not come as close to site 31. In the G-like
model, the subunit is tilted differently with
respect to the filament axis, as shown in Fig-
ure S2; CG site 40 is further from site 32 and
the opposite strand while CG site 20 is closer
to CG site 12 and the opposite strand. The inter-
subunit interactions are more entropic and less
converged than those within a subunit. Interac-
tions between F-actin subunits are more stable
than in the G-like system, consistent with
expectation that the subunit flattening promotes
polymer stability by stabilizing contacts along
the filament.
Dihedral angles between subunits indicate
subunit tilt; the 30-40-31-41 angle reflects therelative tilt of subunits in opposite strands, whereas the 10-20-
32-42 angle reflects that of subunits along the same strand. In
both cases, the G-like subunits are less aligned than the F-actin
systems. (30-40-31-41 angle: 209.1
 G-actin; 203.6 Oda; 200.5
Namba; 10-20-32-42 angle: 149.2
 G-actin; 162.5 Oda; 153.9 /
160.1 Namba/ Namba after heating.) When comparing the two
F-actin models, the dihedral angles have a lower overall entropy
value and a higher entropic ratio in the Namba simulation than in
the Oda filament, suggesting that the relative tilts of the subunits
are more stable in the Namba configuration although the, 2012 ª2012 Elsevier Ltd All rights reserved 647
Figure 6. The Electrostatic Network between SD2 and SD4 Changes between Models and Based on the Subunit Dihedral Angle
Residues are colored by type: red, negative; blue, position; green, polar.
See also Figure S2.
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Coarse-Grained Analysis of F-actin Modelsdistances vary more. Tilting of a subunit would alter which parts
of the barbed end are solvent-accessible. Since many actin-
binding proteins bind at the barbed end, tilting of the subunit
could represent one mechanism to modulate binding affinities.
The hinge-likemotion of CG site 2 is correlated to subunit tilt; Fig-
ure 7 shows the tilt angle of the G-like simulation subunits along
the same strand decreases as the 2-1-3 angle increases. In the
Oda and Namba simulations the correlation is reversed—the
relatively open 2-1-3 angle of the Oda simulation has a tilt angle
closer to 180 than the closed 2-1-3 angle of the Namba simula-
tion. It has been previously suggested that changes in the
conformation of SD2 are allosterically linked to changes in the
position of the N-terminal (Galkin et al., 2010); here we show
that these changes also may affect the positioning of the actin
subunit in the strand.
CG Analysis Provides Examples of Different Modes
of Interaction that May Be Important in Different Phases
of the Actin Treadmilling Cycle
In Figure 8A, we showCG representations of the various filament
simulations highlighting contacts between major sites that are
closer than 26.5 A˚. In this representation, the G-like filament
appears disjoint and unstable, forming units of 1-2 joined actin
monomers while the Oda and Namba filaments are much more
stably connected. The Namba final structure shows some differ-
ences from the highly connected final structure of the Oda
filament; after heating the Namba filament, the structures are
remarkably similar.648 Structure 20, 641–653, April 4, 2012 ª2012 Elsevier Ltd All rightsAnalysis of minor site contacts reveals a variety of subunit
conformations in both the Namba and Oda filament simulations.
These results yield a picture of actin subunit dynamics that is
remarkably similar to the different modes of actin based on cry-
oEM structures, despite the fact that all the subunits in a filament
started out in identical configurations. The least resolved mode
in the study by Galkin et al. (2010) was the T-mode, character-
ized by an increase in distance between SD3 and SD4 of adja-
cent subunits and an open nucleotide cleft. We have already
noted that the increase in 2-1-3 angle in the G-like and Oda fila-
ment simulations represents opening of the nucleotide cleft.
In addition, some of the subunits in the Oda system show a large
40-32 distance. Based on these changes in CG interactions, we
identify subunits in the T-mode. The subunit is tilted differently
relative to the filament axis (see green arrow in Figure 8B), and
the filament is stabilized by inter- and intrastrand interactions
involving CG site 2.
The remaining modes described in Galkin et al. (2010) vary in
the positioning of the D-loop (CG site 5) and the structure of SD2
(CG site 2); we show representative CG subunit interactions in
Figure 8B. The extended conformation of the D-loop that char-
acterizes mode 1 can be seen in the large 2-5 distance in the
ice-blue subunit (black arrow). The D-loop makes contacts
with both CG sites 12 (the core of SD1) and 82 (the C terminus),
but the rest of SD2 is not in close contact with the adjacent
subunit. Modes 2 and 3 differ in how the D-loop interacts with
SD1. In mode 2, the D-loop (CG site 5) interacts with the
C-terminal (CG sites 82), whereas in mode 3, the D-loop isreserved
Table 2. Overall Entropy and Entropic Ratio for the Last 10 ns of MD Simulation
Namba
G-actin Oda Before Heat After Heat
Coordinate Entropy Ratio Entropy Ratio Entropy Ratio Entropy Ratio
Intrasubunit
1-2 6.2 0.69 4.77 0.84 6.74 0.70 6.94 0.65
1-3 5.0 0.77 4.74 0.78 6.07 0.64 5.35 0.70
3-4 4.4 0.79 4.51 0.73 4.04 0.83 4.08 0.81
2-1-3 9.5 0.73 8.51 0.78 9.20 0.75 9.22 0.73
1-3-4 8.2 0.80 8.47 0.74 9.01 0.69 8.96 0.68
2-1-3-4 10.1 0.76 9.72 0.73 9.46 0.76 9.94 0.71
Average – 0.76 – 0.77 – 0.73 – 0.71
Total 43.32 – 40.72 – 44.51 – 44.78 –
Minor sites
2-5 5.79 0.79 6.73 0.68 7.62 0.66 7.62 0.61
3-4-6 10.30 0.77 9.36 0.84 9.16 0.82 9.20 0.82
8-1-2 10.02 0.78 8.83 0.85 10.03 0.77 9.83 0.76
11-1-3-7 9.83 0.81 9.52 0.80 9.74 0.81 9.52 0.81
Average – 0.79 – 0.79 – 0.76 – 0.75
Total 35.94 – 34.44 – 36.55 – 36.17 –
Interstrand
20-31 8.8 0.70 6.8 0.76 7.6 0.71 8.08 0.65
40-11 8.5 0.64 6.1 0.78 6.48 0.73 6.20 0.76
40-31 8.0 0.72 6.7 0.69 6.66 0.72 6.93 0.67
30-40-31 10.5 0.73 9.7 0.74 9.58 0.74 9.77 0.71
40-31-41 10.5 0.72 9.6 0.72 9.58 0.72 9.71 0.70
30-40-31-41 11.0 0.68 9.9 0.73 8.69 0.82 9.03 0.77
Average – 0.71 – 0.74 – 0.75 – 0.69
Total 59.07 – 50.83 – 50.87 – 52.01 –
Intrastrand
20-12 9.12 0.62 7.06 0.74 7.81 0.70 7.84 0.64
20-32 8.98 0.64 6.06 0.76 6.85 0.70 6.82 0.64
40-32 7.81 0.65 7.35 0.67 6.28 0.72 6.20 0.72
10-20-32 11.57 0.72 10.32 0.75 10.35 0.77 10.24 0.76
20-32-42 10.97 0.72 9.67 0.76 9.29 0.80 9.66 0.73
10-20-32-42 12.80 0.73 11.88 0.77 11.02 0.84 12.13 0.75
Average – 0.67 – 0.74 – 0.75 – 0.71
Total 59.40 – 50.41 – 49.27 – 52.89 –
See Figure S5 for time dependence of the entropy values over the entire trajectory.
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Coarse-Grained Analysis of F-actin Modelsrotated out of the filament center and interacts with the core of
SD1 (CG site 12). This mode is distinguished from mode 1 by the
additional interaction between SD2 (CG site 20) and the adja-
cent subunit (CG site 32). Mode 4 is characterized by a lack of
interaction of either SD2 or the D-loop with the adjacent subunit,
resulting in the exposure of the hydrophobic cleft; this is indi-
cated by the green arrow in Figure 7B. This mode may facilitate
interactions with cleft-binding actin binding proteins. It is
remarkable that despite having started from structures not
associated with those in Galkin et al. (2010), our simulations
reveal many of the same features that they noted
experimentally.Structure 20The identification of these different conformational modes
suggests a mechanism by which the position of SD2 and the
D-loop may regulate the twist of adjacent subunits. The D-loop
interacts with either sites 350-352 or 374-375, depending on
the conformational mode (Galkin et al., 2010). When SD2
changes position to facilitate these interactions, SD1 of either
the same subunit or the next subunit in the pointed direction
may rotate to better stabilize the interactions between subunits.
This mechanism would explain not only how SD2 conformation
is coupled to changes in the N-terminal position, but also
provides a reason for allosteric changes in subunit conformation
along the filament., 641–653, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 649
Figure 7. Subunit Tilt Is Correlated with the Posi-
tion of SD2, Particularly in the G-like Simulation
A comparison of the subunit positions in the G-actin and
Oda filaments is shown in Figure S2.
See also Figure S3.
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between Models
Using a combination of MD simulation and CG analysis, we
have demonstrated significant differences in the structure and
dynamics of three different models of actin. While each of
the models correctly captures some structural aspects, the
major site positions were best described by the initial Oda
model.
Based on the CG analysis in this paper, the positioning of SD2
appears to be correlated with the overall subunit twist. One650 Structure 20, 641–653, April 4, 2012 ª2012 Elsevier Ltd All rights reservedmechanism linking these two may be the elec-
trostatic network between SD2 and SD4. In
addition, the position of SD2 may influence the
rotation of SD1 to stabilize interstrand interac-
tions. The D-loop (CG site 5) appears to make
close contact with both the C-terminal and the
body of SD1; changes in the relative strength
of these two interactions, which may be modu-
lated by the hinge-like motion of SD2, could
drive the rotation of SD1 of the same or adjacent
subunits.
Changes in subunit tilt appear to affect
the stability of contacts between the filaments
and may regulate the affinity of actin-binding
proteins by changing the parts of the hydrophi-
bic cleft that are exposed. Though we have
shown some changes in the tilt of actin subunits,
the CG coordinates that we have described in
this work are primarily convenient for comparing
interactions between different. Coordinates that
take into account the orientation of the filament
may further elucidate how the tilt of the subunits
changes between models; this is a topic for
future research.
One issue that remains to be discussed is
how to place the different models that we have
simulated into a context that relates them to
dynamic processes occurring in real actin
networks. We interpret the G-like filament to
represent early steps involved in the G- to
F-actin transition. In this filament, contacts
between subunits are not well converged. The
subunit undergoes some flattening, which
involves the rotation of SD1 and the outward
hinging of SD2. There is a distinct line between
the G-actin and F-actin simulations in both
Figures 4 and 5, which we interpret to be an
energetic barrier. Based on the shape of the
actin molecule and the change in the 8-1-2
angle, we hypothesize that this boundary repre-
sents a key conformational change in polymeri-zation, the rotation of SD2. The rotation of SD2, as is seen in the
Namba and Oda models, forms a three-subunit interaction
region involving SD2 of subunit i, the hydrophobic plug of subunit
i+1, and the barbed end of subunit i+2. The key difference
between the F-actin models is that in the Namba model, SD2
is hinged toward SD4, and makes little contact with the top of
SD1. In this extended position, contacts between strands are
weakened and contacts along the strand are favored. In the
Oda model, SD2 hinges away from SD4 and increases its
contacts with SD1, particularly around residue 55. This motion
Figure 8. Conformational Heterogeneity between and within F-actin Models
(A) The different models of F-actin showdifferences in contacts betweenmajor CG sites. All CG sites closer than 26.5 A˚ apart are connected; the green line, added
for orientation, connects CG sites 1 and 4 of the same subunit.
(B) Snapshots of the CG subunits are shown that represent the conformational modes identified in cryoEM studies (Galkin et al., 2010). Potential interactions
between CG sites are indicated with dashed lines, differentiating between modes. For the T- or tilted mode, an additional view compares the tilt of a T-mode
subunit (opaque) with the normal tilt (transparent). Filaments are aligned based on the position of the ice-blue subunit at the top right of the snapshot, and the
green arrow indicates the direction of tilt. In Mode 4, the green arrow indicates the hydrophobic cleft. Backbone representations of the subunits in the Namba
filament after heating are shown in Figure S3, illustrating the structural variation in SD2 that allows these different modes of interaction.
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Coarse-Grained Analysis of F-actin Modelsfavors the interaction of Arg39 with the hydrophobic loop of
subunit i+1, strengthening cross-strand contacts. Based on
these differences, we interpret the Namba model to represent
a more rigid, ATP-like filament or a filament under tension. The
filaments used to create the Namba model were blotted to
promote straightening; this agrees well with our interpretation
of the Namba dynamics. The Nambamodel can alternately be in-
terpreted as an actin filament under tension. Recent experi-
mental evidence suggests that external tension modulates the
actin conformation, stiffening filaments and reducing cofilin-
induced severing (Galkin et al., 2012; Hayakawa et al., 2011).Structure 20The increased intrastrand contacts seen in our Namba simula-
tion could explain how cofilin binding is reduced.
The Oda model is representative of a less rigid filament, as is
seen after Pi release. This interpretation is supported by the
larger 2-1-3 angle, which agrees with cryoEM images of ADP-
bound actin showing an open cleft, and by the increased
cross-strand interactions, also characteristic of the ADP-bound
filament. The differences in SD2 rotation and hinge motion in
different phases of the actin polymerization cycle may explain
why D-loop flexibility has been shown to be important to filament
morphology (Oztug Durer et al., 2010)., 641–653, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 651
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gate the dynamics we have described. The relative positions of
SD2 and SD4 should be measurable using FRET. These
distances could be compared in G-actin, ATP-bound F-actin,
and ADP-bound F-actin to represent different expected degrees
of flattening and the correlated hinge motions. In addition, we
have identified two distinct motions involved in the G- to F-actin
transition: the rotation of SD1 and the hinge motion of SD2. The
rotation of SD1 should cause changes in the microenvironment
of the hydrophobic cleft that could bemonitored by a fluorescent
probe (this has been done before using pyrene conjugated to
Cys374, see, e.g., Brooks and Carlsson, 2008). Similarly, the
hinge motion of SD2 should cause changes in the interface
between SD1 and SD2. Upon opening, as in the Oda filament,
we observed increased hydrophobic contacts around Gly55,
changes that should be detectable by fluorescent probe. We
anticipate that during polymerization of ATP-bound actin, one
would observe changes at the cleft region and that after Pi
release there would be additional changes at the cleft as well
as changes at the SD1-SD2 interface. An alternative would be
to investigate how applying tension to a filament affects the fluo-
rescence at these two areas. Tension-dependent changes at the
C-terminal have already been observed (Shimozawa and Ishi-
wata, 2009); we anticipate that there will also be measurable
changes at the SD1-SD2 interface.
EXPERIMENTAL PROCEDURES
MD Simulation
Filament systems were created, as has been described previously (Chu and
Voth, 2005; Pfaendtner et al., 2010; Saunders and Voth, 2011), using a period-
ically repeating 13-monomer segment of actin. In all simulations reported in
this paper, we used ADP as the bound nucleotide with Mg2+ at the high-affinity
cationic bind site. Initial subunit structures for each simulation were taken from
Protein Data Bank (PDB) structures 1J6Z (G-like; Otterbein et al., 2001), 2ZWH
(Oda; 2009), and 3MFP (Namba; Fujii et al., 2010). Systems were solvated
(including solvating the active site in a manner consistent with the water mole-
cules observed in the crystal structure) and ionized to a final concentration of
0.180 M using the tools in VMD (Humphrey et al., 1996). Each system was
energy minimized, heated, and equilibrated for 100 ps in the constant number,
volume, and temperature ensemble and 200 ps in the constant number, pres-
sure, and temperature ensemble while harmonically restraining the protein
backbone, nucleotide, and active-site water oxygen atoms. Constraints
were released stepwise over 100 ps before starting the production run. MD
simulations were performed using the CHARMM22/27 force field with CMAP
correction (Mackerell et al., 2004) and the NAMD simulation code (Phillips
et al., 2005). Electrostatics were treated using the particle mesh Ewald method
(Darden et al., 1993), with a cutoff of 12 A˚. Temperature was maintained at
310 K using a Langevin thermostat with damping coefficient of 5 ps1. The
No´se-Hoover Langevin barostat implemented in NAMD (Feller et al., 1995;
Martyna et al., 1994) was used to maintain the pressure at 1 atm, using an
oscillation period and damping timescale of 2 ps.
CG Mapping and Analysis
The atomistic resolutionMD simulationwas coarse-grained into fourmajor and
eight minor sites (see Figure 1), selection was based on the structural features
observed in the crystal structures. CG positions represent the center of mass
of the atoms in each CG site. The four major sites each represent the core of
one subdomain, whereas minor sites represent highly mobile regions or inter-
faces between subunits. The details of which residues are included in each site
are provided in Table S1. CG coordinates represent distances and angles
between CG sites; probability distributions of these coordinates were created
by discretizing the values from the CG representations of MD simulation data
into bins 0.1 A˚ or degrees wide. The peak is the bin with the largest number of652 Structure 20, 641–653, April 4, 2012 ª2012 Elsevier Ltd All rightsconfigurations, using data from the last 10 ns of each simulation. We note that
the present CGmodel with 12 sites per subunit is a higher resolution than the 4-
site model used in previous work (Chu and Voth, 2005, 2006).
CG Entropy and Entropic Ratio
In order to describe the shape of each distribution curve without assuming
normality, we calculated the entropy for each CG coordinate as
SCG =  kB
Z
dq JðqÞ rðqÞ ln½rðqÞ; (1)
where q is the CG coordinate value, r(q) is the probability density of the CG
coordinate, calculated from the MD simulation and normalized as described
in the SI, and J(q) is the Jacobian element (Hnizdo and Gilson, 2010; Killian
et al., 2007). The entropic ratio is defined as the average entropy calculated
from the distribution of each individual subunit divided by the entropy calcu-
lated from the distribution over all subunits.
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